Type 1 diabetes is characterized by the infiltration of inflammatory cells into pancreatic islets of Langerhans, followed by the selective and progressive destruction of insulin-secreting beta cells. Isletinfiltrating leukocytes secrete cytokines such as IL-1␤ and IFN-␥, which contribute to beta cell death. In vitro evidence suggests that cytokine-induced activation of the transcription factor NF-B is an important component of the signal triggering beta cell apoptosis. To study the in vivo role of NF-B in beta cell death, we generated a transgenic mouse line expressing a degradation-resistant NF-B protein inhibitor (⌬NIB␣), acting specifically in beta cells, in an inducible and reversible manner, by using the tet-on regulation system. In vitro, islets expressing the ⌬NIB␣ protein were resistant to the deleterious effects of IL-1␤ and IFN-␥, as assessed by reduced NO production and beta-cell apoptosis. This effect was even more striking in vivo, where nearly complete protection against multiple low-dose streptozocin-induced diabetes was observed, with reduced intraislet lymphocytic infiltration. Our results show in vivo that beta cell-specific activation of NF-B is a key event in the progressive loss of beta cells in diabetes. Inhibition of this process could be a potential effective strategy for beta-cell protection.
T ype 1 diabetes mellitus is an autoimmune disease characterized by an inflammatory response resulting in selective and progressive destruction of the insulin-secreting beta cells in the pancreas. The immune reaction against beta cells is a complex process involving both cellular and humoral elements of cytotoxicity (1) (2) (3) (4) (5) . Proinflammatory cytokines, such as IL-1␤ and IFN-␥ and the free radical nitric oxide (NO), play an important role in the initial destruction of beta cells, leading to the development of diabetes (2, (5) (6) (7) . Beta cells are particularly sensitive to damage induced by the immune system, due at least in part to their low expression levels of cytoprotective enzymes (8) (9) (10) . Although functional impairments of the beta cells are induced shortly after exposure to cytokines, apoptosis is detected only after several days of their coculture with IL-1␤ and INF-␥ (6, (11) (12) (13) (14) (15) (16) . These findings indicate that an active process is taking place at the beta-cell level, a race between deleterious and protective mechanisms where the deleterious effects eventually prevail, leading to beta cell death and type 1 diabetes mellitus. Cumulative evidence suggests that transcription factor NF-B is an important cellular signal in initiating the cascade of events culminating in beta-cell death (16, 17) . NF-B has been shown to regulate the expression of numerous genes that play important roles in cellular stress responses, cell growth, survival, and apoptosis (18, 19) . As such, the specificity and temporal control of gene expression by NF-B are of crucial physiological significance. Furthermore, realization of NF-B's potential as a drug target for type 1 diabetes mellitus prevention depends on an understanding of the mechanism(s) governing NF-B-controlled gene expression in beta cells.
Five related mammalian gene products participate in NF-B functions: RelA͞p65, cRel, RelB, p50 (a processing product of p105), and p52 (a processing product of p100). NF-B͞Rel proteins exist as homodimers or heterodimers, but the predominant species in most cell types is the p65:50 heterodimer. NF-B͞Rel proteins share a highly conserved 300-aa-long N-terminal Rel homology domain, which is responsible for DNA binding, dimerization, and association with the inhibitor of NF-B (IB) proteins (20) . In resting cells, most of the NF-B͞Rel dimers are bound to three major IB isoforms (IB␣, IB␤, and IB) in the cytoplasm, preventing their nuclear translocation and DNA association. Signals from various stimuli are transduced to a specific IB kinase complex (18, 21) , which phosphorylates the N-terminal domain of the IBs, tagging them for polyubiquitination. Upon ubiquitination, the IB proteins are rapidly degraded by the proteosome, thereby freeing NF-B, which then enters the nucleus, binds to DNA and activates transcription.
To study the role of NF-B in mediating the deleterious effects of cytokines in beta cells, an ''IB superrepressor'' (also known as a dominant negative IB-DNIB␣) capable of inhibiting NF-B translocation to the nucleus has been used. In rat beta cells, this blockade prevented the cytokine-induced expression of deleterious genes, protecting, to a large extent, beta cells from apoptosis (22) . A similar approach was used to protect human and mouse islets from the detrimental effect of IL-1␤ (23) . These results strongly suggest that NF-B plays an important proapoptotic role in cytokine-induced beta cell destruction, which is at odds with studies in other cell types where NF-B has mostly an antiapoptotic effect (19, 20) . Of note, a transgenic mouse model expressing such a dominant negative IB throughout pancreatic development under the control of the Pdx-1͞Ipf1 promoter was recently reported (24) . The adult mice were hyperglycemic and had altered glucose-stimulated insulin secretion, suggesting that the prolonged blockade of NF-B, initiated during embryonic pancreas development, both reduced the expression of key genes in the insulin secretion pathway and reduced the total number of endocrine cells in the adult pancreas.
To clarify the role of NF-B in beta cells, we developed an in vivo model system where NF-B signaling is specifically inhibited in beta cells. To this end, we generated a transgenic mouse designated ToI-␤ (for Tet-On ⌬IB in beta cells), in which a dominant negative form of IB␣ (⌬NIB␣) is expressed in beta cells under the control of the tetracycline (on͞off) gene regulatory system. This dominant inhibitor was described as affecting the entire family of NF-B͞Rel transcription factors (25) . This approach enabled us to control the timing and duration of the expressed inhibitor and investigate the role of NF-B in beta cell death both in vitro and in vivo.
In this report, we show that inhibition of the NF-B pathway protects pancreatic beta cells from cytokine-induced apoptosis in vitro and in vivo from multiple low-dose streptozocin (STZ)-induced diabetes. Our results highlight the key role played by NF-B in beta-cell destruction and progression to diabetes and suggest a potential effective strategy for beta cell protection.
Results
Selective beta cell inhibition of the NF-B pathway is achieved by administration of the tetracycline analog doxycycline (Dox) to double transgenic mice (RIP7-rtTA͞⌬NIB␣-Luc) carrying the inversely positioned ⌬NIB␣ (the N-terminal deleted IB␣) and luciferase genes (⌬NIB␣-Luc) and the reverse tetracycline transactivator (rtTA) under the control of the rat insulin promoter (Fig.  1A) . These mice develop normally, and no differences were observed between them and the nontransgenic animals. When Dox is administered in the drinking water, rtTA is specifically expressed in beta cells, where it induces the expression of ⌬NIB␣-Luc genes, resulting in both blockade of NF-B nuclear translocation and expression of the luciferase gene. Bioluminescence is specifically detected in (i) the pancreas of anesthetized live animals (Fig. 1B) , (ii) the excised pancreas and isolated islets (Fig. 1C ) after luciferin injection and by using a light-detection cooled and charged-coupled device camera, and (iii) in vitro by luciferase assay (Fig. 1D) . To determine the site and levels of ⌬NIB␣ expression in doubletransgenic mice, Western blot analysis was performed by using cell lysates prepared from different organs, including pancreatic islets isolated from animals treated with Dox for 3 days. These lysates were compared with islet lysates from untreated mice from the same litter. Fig. 2 shows a strong band corresponding to the induced ⌬NIB␣ protein detected only in islets of Dox-treated animals (lane 2) and not in other tested organs (spleen, liver, and lung) (lanes [3] [4] [5] or in untreated islets (lane 1) where only expression of the wild-type IB␣ was observed. To assess the conditional and reversible expression of ⌬NIB␣ protein, we followed its levels at different time points (1, 3, 7, 21 , and 64 days) in islets Dox-treated mice (Fig.  8A , which is published as supporting information on the PNAS web site). Although higher expression was observed after 3 days of exposure to Dox as compared with 1 day, the levels were roughly similar for up to 64 days. On the other hand, when Dox administration was discontinued for 7 days after a 3-day period of treatment, the expression of the transgene was shut off and only the endogenous IB␣ was detected, i.e., as in untreated animals.
The impact of NF-B blockade on the response of ToI-␤ mice to an acute glucose challenge showed that glucose tolerance (Fig. 9A , which is published as supporting information on the PNAS web site) and glucose-stimulated insulin secretion (Fig. 9B) were similar in the Dox-treated mice and untreated mice. Of note, glucose tolerance and blood glucose levels in fasting or fed mice did not differ statistically between the two groups of animals, even after 50 days of induction with Dox (data not shown). Finally, immunohistochemical analysis revealed a similar expression pattern of insulin, glucagon, and the transcription factors PDX-1, PAX6, and Nkx6.1 for both Dox-treated (ϩ) and untreated (Ϫ) animals ( Fig. 10 , which is published as supporting information on the PNAS web site).
Inhibition of Cytokine-Induced NF-B Nuclear Translocation in Dox-
Treated Pancreatic Islets from ToI-␤ Mice. To examine the efficiency of ⌬NIB␣ in inhibiting cytokine-induced NF-B translocation after exposure to cytokines, isolated islets from Dox-treated or untreated ToI-␤ mice were incubated in the presence or absence of IL-1␤ alone or in combination with IFN-␥. Nuclear extracts were prepared and tested for NF-B-binding activity by EMSA by using the labeled NF-B consensus sequence as a probe. Fig. 3 shows the presence of a faint band corresponding to the endogenous NF-B The tet-on regulated system. Left, mouse with a transgene consisting of an inversely positioned ⌬NIB␣ and luciferase (Luc) genes, regulated by a bi-directional tetracycline operator-based promoter (tetO). Right, mouse with a transgene consisting of a reverse tetracycline-regulated transactivator (rtTA) under the control of the rat insulin II promoter (RIP). Cross-breeding of the two transgenic lines yielded a double-transgenic mouse (ToI-␤ mouse, for Tet-On ⌬IB in beta cells) capable of beta cell-specific expression of the ⌬NIB␣-luciferase transgene. When rtTA is produced after administration of Dox, it binds specifically and with high affinity to tetO and activates transcription of both target genes (tet-on system). (B) Tissue-specific expression of the ⌬NIB␣-luciferase transgene. Recorded image of the luciferase gene expression is shown, using a light detection cooled and charged coupled device camera. Double-transgenic mice treated with Dox for 3 days were injected with luciferin, anesthetized, and monitored for emitted photons and the bioluminescence signal in the mouse originates in the pancreas (n ϭ 3). (C) Bioluminescence in the excised pancreas and isolated islets as compared with that in brain, spleen, and heart (n ϭ 3). The intensity of the signal is represented by a range of ''pseudocolors'' (blue, least intense; red, most intense) corresponding to the luminescent organ at a gain point. (D) Tissue expression of the transgene measured by the luciferase assay (n ϭ 5; RLU, relative light units͞mg of protein). complex in untreated islets (lane 1). Upon exposure to cytokines, strong NF-B activation was observed in the islet cells nuclei (lane 2). This stimulation was significantly dampened in Dox-treated islets (lane 4), and a reduction in the endogenous NF-B complex was also observed (lane 3). In parallel, we used as a control the labeled consensus binding sequence for the ubiquitous transcription factor SP1 (lanes [5] [6] [7] [8] . This inhibition of activation was completely reversed 7 days after Dox-withdrawal (data not shown). The major activated NF-B-binding complex is composed mainly of p65:p50 heterodimers, because it is recognized by both anti-p65 and antip50 antibodies in a supershift assay (data not shown).
Inhibition of Cytokine-Induced NO Production in Dox-Treated Pancreatic Islets from ToI-␤ Mice. One of the mechanisms by which cytokine-induced NF-B activation can impair beta-cell functions and, in part, mediate beta-cell death is via induction of the expression of the inducible form of nitric oxide synthase and subsequent NO production (12, 13, 26, 27) . We measured NO formation as nitrite accumulation in the culture media of islets isolated from Dox-treated or untreated mice and incubated for 48 h in the presence or absence of IL-1␤ and INF-␥ (with or without Dox). Fig. 4 shows that untreated islets exposed to cytokines released 6.1 Ϯ 0.2 M nitrite, whereas Dox-treated islets secreted only 4 Ϯ 0.28 M nitrite (n ϭ 7-14; P Ͻ 0.05), indicating that NO formation was significantly inhibited as a result of NF-B blockade.
Reduction of Cytokine-Induced Apoptosis in Dox-Treated Pancreatic
Islets from ToI-␤ Mice. To ascertain whether the observed blockade of NF-B activation in beta cells was accompanied by protection from cytokine-induced apoptosis, Dox-treated or -untreated isolated islets were exposed to the mentioned cytokines for 3 days, and DNA damage was assessed by using the TUNEL assay. Histological analysis and counts of apoptotic nuclei costained for insulin confirmed that Dox-treated beta cells were significantly more resistant to cytokine-induced apoptosis than the control (8.1% vs. 24% apoptotic beta cells per islet; P Ͻ 0.01, n ϭ 4; Figs. 5 A-C).
Induced ToI-␤ Mice Are Resistant to Multiple Low Doses of STZ (MLDS).
The importance of NF-B activation in vivo was tested by injecting ToI-␤ mice with MLDS. MLDS is an immune-mediated murine diabetes model in which hyperglycemia and diabetes are achieved after five daily injections of subdiabetogenic doses of STZ (28, 29) , leading to insulitis and selective beta-cell loss, most likely by presented as the mean Ϯ SE (total number of untreated mice, n ϭ 14; Dox-treated mice, n ϭ 7; and Dox-treated mice exposed to the cytokines, n ϭ 9. * , P Ͻ 0.05 vs. islets exposed to the cytokines only). Representative staining of TUNEL-positive nuclei (green) and insulin (red) from islets exposed to cytokines in the absence (B) or presence (C) of Dox. apoptosis (28) . We therefore monitored the appearance of diabetes as defined by blood glucose concentrations of Ͼ200 mg͞dl on at least three occasions and insulitis in ToI-␤ mice. Our results show a striking resistance to the development of diabetes after MLDS in Dox-treated as compared with untreated animals. In fact, 16 of 25 mice from the untreated group gradually developed hyperglycemia 5-10 days after the last injection of STZ as opposed to only 2 of 26 Dox-induced mice ( Fig. 6A ; P Ͻ 0.05, as determined by Fisher's exact test comparing the percentage of diabetic mice in each group, or Fig. 6B ; P Ͻ 0.01, using Student's t test comparing average blood glucose in untreated͞STZ vs. Dox-treated͞STZ mice). These results correlated with reduced staining for insulin and reduced pancreatic insulin content in the pancreata from the untreated vs. Dox-treated mice (data not shown).
To assess the effect of NF-B blockade after initiation of the damage induced by MLDS, we administered Dox 24 h after the last injection and measured glycemia during the following 10 weeks. Although there was only mild protection from diabetes (Fig. 6A , Dox after STZ), the levels of hyperglycemia were significantly lower ( Fig. 6B ; P Ͻ 0.05, as determined by Student's t test) as compared with that of the untreated group.
To exclude a protective effect against MLDS through a possible ⌬NIkB␣-mediated reduction in STZ entry into the beta cell, we administered a single high-dose injection of STZ to Dox-treated or -untreated mice. The result was a rapid and similar development of overt diabetes in both groups (n ϭ 5-6). The preserved sensitivity to a single high-dose injection suggests that adequate cytoplasmic concentrations and toxic effects of STZ were achieved, making it unlikely that NF-B blockade confers its protective effect through interference with STZ transport and toxicity.
Induced ToI-␤ Mice Have Reduced Intraislet Lymphocyte Infiltration in
Response to MLDS. To determine whether the observed protective effect in mice expressing the dominant inhibitor ⌬NIkB␣ was associated with a drop in insulitis, pancreata from MLDS-injected mice were removed at days 11-13 after the first injection of STZ and examined histologically for the degree of insulitis by using the following scale: 0, no infiltration; 1, minor infiltration; 2, minor periinsular lymphocytic infiltration; 3, clear periinsular lymphocytic infiltration; 4, clear intraislet lymphocytic infiltration (30) . Interestingly, although the lower degrees of insulitis (grades 2 and 3) were similar in both groups, severe infiltration (grade 4) was observed only in uninduced mice (Fig. 7 A-C ; n ϭ 6, P Ͻ 0.01).
Cytokines and chemokines are known mediators of immune responses, owing to their ability to recruit and activate leukocytes. Therefore, we determined the levels of two representative chemokines, namely the cytokine IFN-Inducible Protein-10 (IP-10) and the monokine induced by IFN-␥ (MIG) secreted in the culture media of islets from Dox-treated or untreated mice in the presence or absence of cytokines. The results presented in Fig. 7 D and E show that cytokine-induced chemokine secretion is significantly reduced in islets from Dox-treated compared with that in untreated mice ( Fig. 7D ; n ϭ 8, P ϭ 0.032; and Fig. 7E ; n ϭ 8, P ϭ 0.028).
Discussion
We present a transgenic mouse model, the ToI-␤ mouse, in which controlled inhibition of NF-B activation can be obtained in beta cells, both in vivo and in vitro, in an inducible and reversible manner. This mouse line is a valuable means for studying the role of NF-B activation in beta-cell apoptosis in vitro and its involvement in the in vivo process leading to diabetes (7, 16, 22, 23) . Of note, a previous attempt to create a mouse with unconditional inhibition of NF-B throughout pancreatic development (under the control of the Pdx-1͞Ipf1 promoter) resulted in hyperglycemic mice with altered glucose-stimulated insulin secretion (24) . In contrast, induced ToI-␤ mice are normoglycemic, even after prolonged exposure to Dox and display a normal response to an intraperitoneal glucose bolus. These findings indicate that blockade of NF-B activation in mature mice does not immediately hinder beta-cell function, enabling further examination of the role of NF-B in beta cells exposed to diabetogenic conditions. Another important benefit of this model is the ability to visualize the transcriptional activity of the tetO promoter in beta cells by measuring light emission through the abdomen of live anesthetized ToI-␤ mice. Although not fully exploited in this study, this method may prove to be a useful tool for future indirect assessment of beta-cell mass in live animals in response to exogenous stimuli or after islet transplantation.
As described above, immune-mediated beta-cell apoptosis is the hallmark of type 1 diabetes. Using the ToI-␤ mouse, we set out to clarify the distinct roles of NF-B in this process. Several inflammatory cytokines, such as IL-1␤ and INF-␥, are implicated in promoting beta-cell death through activation of NF-B and initiation of beta-cell apoptosis (11) (12) (13) (14) (15) 17) . Therefore, we sought to confirm these in vitro results at three different levels of the cytokine signal cascade: NF-B nuclear translocation, NO production, and beta-cell apoptosis. As described in Results, NF-B nuclear translocation was induced by cytokines but inhibited by induction of ⌬NIB␣ in islets derived from ToI-␤ mice. Previous reports suggested that the main source of NO after islet stimulation by cytokines may be the nonendocrine cells present in and around the islet, such as macrophages (31), endothelial cells (32) , and ductal cells (33) . Here we show that cytokine-induced NF-B-mediated NO production was significantly reduced in Dox-treated ToI-␤ islets, with a subsequent decrease in apoptosis. These results agree with previous data by using an exogenous super repressor IB (22) and illustrate the central role played by NF-B activation in the beta cells in mediating cytokine-derived signals leading to beta-cell death.
To further study the role of NFB in vivo, we used the MLDSinjected mice as a murine model for immune-mediated diabetes. STZ enters the beta cells through the Glut2 transporter (34, 35) and causes diabetes in mice and rats (29) by inducing DNA alkylation (34, 36) , and perhaps also by releasing NO (37, 38) , resulting in beta-cell death (39) . There are two main animal models of STZinduced diabetes: administration of a single high dose, which directly destroys beta cells, or multiple low doses, which progressively damage the beta cells (28, 29) , eventually leading to insulitis and selective beta-cell loss by apoptosis (40) . It previously was described that systemic p50 or c-RelA null mice were resistant to MLDS (41, 42) . These mice, however, had an impaired immune system, and no protective effect was observed in isolated islets exposed to cytokines, making it difficult to interpret the data (41, 42) . In our experiments, when ToI-␤ mice were exposed to MLDS, a clear protective effect was observed, with significantly fewer diabetic mice among the induced ToI-␤ mice as compared with those in the uninduced controls. Moreover, protection was partly achieved even when NF-B inhibition was induced 1 day after the last STZ injection, with a significant decrease in average blood glucose. Thus, progression of diabetes was inhibited by NF-B blockade, even after the onset of a beta cell-directed inflammatory attack.
A similar effect was noted when the severity of insulitis after MLDS was assessed. Interestingly, islets from Dox-induced ToI-␤ mice had significantly lower levels of severe (grade 4) lymphocyte infiltration as compared with that in the uninduced controls. This observation may be the result of the lower expression of NF-Bregulated chemokines, adhesion molecules, and cytokines by the beta cells (43) , thus decreasing the recruitment and homing of lymphocytes to the islets. This hypothesis is, in part, supported by the present results from the in vitro experiments showing that islets expressing ⌬NIB␣ secreted significantly less IP-10 and MIG chemokines when exposed to cytokines than did islets from untreated animals. Prevention of severe insulitis was, however, only partial, indicating that the main effects of beta cell-specific NF-B blockade are achieved via beta-cell protection from apoptosis induced by cytokines and͞or other inflammatory agents.
In conclusion, we describe here a transgenic mouse model in which NF-B activation is specifically modulated in beta cells for relatively short periods of time, providing a valuable tool for further examination of the complex pathways mediating beta-cell damage and death in diabetes. Our findings clearly show beta-cell protection from different diabetogenic agents, namely cytokines and MLDS and a remarkable agreement between the in vitro and in vivo observations. We provide direct evidence that NF-B activation at the beta-cell level is a key event for beta-cell death during in vivo islet inflammation. Indeed, manipulation of NFB activation in beta cells allowed these cells to withstand and survive a direct noxious immune reaction. These findings open avenues for future interventions to prevent beta-cell death in the early stages of type 1 diabetes mellitus or after islet transplantation.
Methods
Generation of Transgenic Mice. The ToI-␤ mouse model was generated by cross-breeding two transgenic lines of mice: one carrying the inversely positioned ⌬NIB␣ (with the N-terminal deleted) and luciferase genes (⌬NIB␣-Luc), regulated by a bidirectional tetracycline-responsive element against a C57B͞6 ϫ BALB͞c background (44) and the second expressing the reverse tetracycline transactivator (rtTA) under the control of the rat insulin II promoter, consisting of the 9.5-kb 5Ј flanking region of the gene (RIP7-rtTA) against the C3H ϫ BALB͞c background (45) . Transmission of both transgenes was monitored by PCR analysis from tail DNA by using the appropriate primers. The transgenes were activated in vivo by administrating 2 mg͞ml of Dox in 2.5% sucrose in the drinking water (the control mice received only 2.5% sucrose) or in vitro by adding 5 g͞ml Dox to the culture media. All animals were maintained in a specific pathogen-free research animal facility, and the experiments were approved by the Hebrew University Institutional Animal Care and Use Committee and conducted in accordance with local ethical guidelines. Gel EMSA. Islet nuclear protein extraction and DNA-binding assays were performed as described in ref. 47 . The NF-B binding mixture contained 30 mM Hepes, pH 7.9͞100 mM NaCl͞0.3 mM EDTA͞ 2.5 mM DTT͞1.5 mM MgCl 2 ͞2 g of poly (dI-dC)͞10% glycerol. The SP1 binding reaction was as described in ref. 47 . Doublestranded oligonucleotides corresponding to the SP1-binding site (47) or to the NF-B consensus binding sequence, 5Ј-GGCTTCA-GAGGGGACTTTCCGAGACCG-3Ј were end-labeled by a fill-in reaction by using the Klenow fragment of DNA polymerase I and used as probes. Nuclear extracts were incubated for 15 min with the labeled probe at 4°C. DNA-protein complexes were resolved in a 6% polyacrylamide gel as described in ref. 47 .
Western Blot Analysis. Tissues or islets were lysed in RIPA lysis buffer. A total of 100 g of protein lysate were separated on 10% SDS͞PAGE and transferred to a nitrocellulose membrane. After blocking in 5% nonfat dry milk, the membranes were incubated with the appropriate antibodies, namely anti-IB␣ antibody (C-21; Santa Cruz Biotechnology) and anti-horseradish peroxidaseconjugated anti-rabbit IgG, followed by enhanced chemiluminescence detection (Biological Industries, Beit Haemek, Israel).
Medium Nitrite-Concentration Measurement. Medium (100 l) from an islet culture containing 200 islets͞ml were added to an equal volume of Greiss reagent, as described in ref. 48 .
Determination of Apoptosis. Islets were incubated with cytokines for a period of 3 days and fixed overnight in a solution of 4% formaldehyde (Biological Industries). The islets were then centrifuged in 1% agarose solution and embedded in paraffin. Fivemicrometer sections were prepared and apoptosis was determined by using the TUNEL assay (Roche, Mannheim, Germany). The sections were counterstained with anti-mouse insulin antibody (Zymed). Some 3,000 beta cells per treatment were counted by using a Zeiss fluorescent microscope. The frequency of apoptotic cells was calculated as the percentage of apoptotic beta cells per islet.
i.p. Glucose Tolerance Test. Mice were injected with 2 g͞kg D-glucose after an overnight fast. Tail blood samples were collected at 0, 15, 30, 60, and 120 min after injection and glucose levels were determined by using a glucometer (Accu-Check, Roche Diagnostics). In separate experiments, serum insulin levels were determined at 0, 2, 5, and 30 min after glucose injection by using the Rat insulin RIA kit (Linco Research, St. Charles, MI) Immunohistochemistry. Immunochemistry is described in Zahn et al. (49) .
STZ-Induced Diabetes. For the MLDS model, mice aged 8-10 weeks were injected i.p. for 5 consecutive days with either STZ (Sigma) dissolved in citrate buffer, pH 4.5, at a concentration of 50 mg͞kg or citrate buffer alone. Day 0 was defined as the first day of injection of STZ. For the single high-dose model, STZ was injected i.p. at a concentration of 250 mg͞kg (50) . Blood glucose concentrations were measured after 4 days and up to 42 days by using a glucometer. Hyperglycemia was defined as a nonfasting blood glucose level Ͼ200 mg͞dl in three sequential measurements.
Insulitis. To determine the degree of insulitis, pancreata were removed 11-13 days after the last STZ injection. Specimens were fixed in 4% paraformaldehyde and embedded in paraffin. Twenty sections were prepared from three parts of the pancreas (head, body, and tail) and stained with hematoxylin͞eosin for pathologic evaluation. Islet insulitis was determined as described in ref. 30 . In brief, the degree of lymphocyte infiltration was set by using the following score: 0, no infiltration; 1, minor infiltration; 2, minor periinsulitis; 3, clear periinsulitis; 4 
